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ABSTRACT 


New  second  order  (x2)  materials,  third  order  (x3)  materials  and  photo-refractive  materials  were 
developed.  A  new  design  criterion  was  used  to  prepare  a  new  class  of  x(2)  materials  which  would  have  both 
dipolar  and  octupolar  contributions  because  of  their  multibranched  3  armed  structures.  We  have  developed 
new  two-photon  absorbing  dyes  (x3  materials)  and  their  chemical  conjugates  for  application  in  3D 
microfabrication,  3D  imaging,  and  optical  power  limiting.  A  major  focus  of  our  effort  was  careful 
characterization  of  the  two-photon  excited  states  and  dynamics.  For  this  we  used  femtosecond  Z-scan  and 
time-resolved  pump  probe  experiments  on  the  new  and  highly  efficient  multibranched  fluorophore  in 
which  we  discovered  a  new  phenomenon  of  co-operative  enhancement.  We  developed  a  two-photon 
fluorophoresxhemotherapeutic  drug  conjugate  and  used  it  with  two-photon  laser-scanning  microscopy  to 
show  the  receptor-mediated  entry  of  AN- 152  into  the  cell  cytoplasm  and  subsequently  into  the  nucleus. 
These  observations  allowed  a  better  understanding  of  the  drug’s  therapeutic  mechanism,  which  is  a  subject 
of  ongoing  research  aimed  at  improving  present  methods  for  cancer  therapy.  Using  a  new  approach  of 
photosensitization  with  nanocrystallites  of  inorganic  semiconductors,  we  have  prepared  photorefractive 
composites  with  good  diffraction  efficiency.  Under  this  contract  we  have  focused  on  developing  an 
understanding  of  the  basic  process  of  photoconductivity,  space  charge  field  formation  and  temperature 
effects  on  kinetics  in  these  nanocomposit . 
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y(2)  MATERIALS 

To  illustrate  the  concept  of  second-harmonics  by  nanocrystallites  the  DAST-polymer 
nanocomposites  were  prepared  by  dispersing  DAST  particles  (typically  3.4  x  10'3  M  concentration)  in 
MMA  and  benzoyl  peroxide  (1%  wt)  using  high  frequency  ultrasonic  processor  (20  kHz).  The  high 
intensity  ultrasonic  waves  resulted  in  the  breaking  down  of  the  DAST  crystals  to  submicron  level.  Also, 
the  heat  generated  resulted  in  the  initiation  of  polymerization  reaction  which  was  indicated  by  the  increase 
in  the  viscosity  of  the  solution.  The  sample  was  then  removed  and  kept  in  the  oven  for  complete 
polymerization.  Due  to  the  intrinsic  noncentrosymmetric  crystal  structure  of  the  nanometer  particles  of 
DAST,  the  DAST-polymer  samples  showed  strong  SHG  signal.  A  green  light  emission  was  easily  seen  by 
the  naked  eye  when  the  sample  was  pumped  by  1 .06  pm  Nd:  YAG  laser.  Also,  nanoparticles  of  other  dyes 
(i.e.  Pyrromethane  597)  were  dispersed  in  PMMA  in  order  to  achieve  up-converted  fluorescence. 

The  influence  of  temperature  on  the  electro-optic  properties  of  a  polymeric  composite  containing 
the  second-order  nonlinear  chromophore  4-(N,N-diethylamino)-p-nitrostyrene  (DEANST),  was  examined 
in  the  temperature  range  of  20  to  60°C.  A  modified  Mach-Zehnder  interferometer  was  used  to  determine 
the  temperature  dependencies  of  individual  effective  electro-optic  coefficients,  rn  and  r33.  Also,  the 
contributions  of  the  bireffingent-orientational  effects  as  well  as  the  electronic-Pockles  effect  to  the  overall 
electro-optic  modulation  measured  in  the  composite  were  determined  using  frequency  response.  The 
dominant  contribution  was  established  to  be  due  to  birefringence.  An  apparent  increase  of  electro-optic 
modulation  with  temperature  and  its  eventual  saturation  was  observed.  This  behavior  is  attributed  to  the 
temperature  activated  orientational  mobility  of  the  second-order  nonlinear  chromophores.  A  simple  model 
based  on  the  thermal  activation  of  the  dipolar  molecule  trapped  in  a  potential  well  adequately  explained 
this  process.  A  good  agreement  of  experimental  results  obtained  from  the  direct  electro-optic 
measurements  and  the  indirect  photoreffactive  investigations  was  achieved. 

Orientational  effects  in  the  low  Tg  polymeric  composite  PVK:TCP:C6o:APSS  were  studied  both 
theoretically  and  experimentally.  A  theoretical  derivation  based  on  the  polar  order  model  and  the  rotational 


diffusion  equation  was  developed  to  study  the  enhancement  of  electro-optic  properties  of  the  medium  by 
modulation  of  birefringence.  A  set  of  equations  predicting  the  frequency  dependence  of  the  effective 
electro-optic  properties  as  well  as  the  frequency  dependence  of  the  phase  shift  between  the  measured  light 
modulation  and  the  AC  voltage  supplied  to  the  sample  was  derived.  Also,  the  experimental  studies  of  the 
amplitude  and  phase  of  the  effective  electro-optic  response  were  performed  for  two  materials  compositions 
with  different  viscomechanical  properties.  Our  experimental  results  confirmed  theoretically  derived 
dependencies. 

Multilayer  Langmuir-Blodgett  (LB)  films  were  fabricated  with  two  blue  transparent  nonlinear 
optical  polymers  in  which  the  orientation  of  the  nonlinear  optical  chromophore  in  one  polymer  is  reversed 
with  respect  to  the  other.  The  intensity  of  the  frequency-doubled  light  generated  in  these  multilayers 
increases  quadratically,  with  the  increasing  number  of  bilayers 

indicating  that  the  macroscopic  optical  nonlinearity,  %(2),  of  the  bilayer  is  a  linear  sum  of  the  macroscopic 
optical  nonlinearities  of  the  individual  monolayer.  Also,  multilayer  LB  films  of  each  blue  transparent 
polymer  were  made  by  alternate  deposition  with  a  spacer  polymer,  poly(ter/-butyl  methacrylate).  The 
intensity  of  the  frequency-doubled  light  generated  by  these  multilayer  films  was  approximately  4  times 
smaller  than  that  generated  by  multilayer  films  of  two  blue  transparent  polymers  with  the  same  number  of 
layers,  indicating  that  the  use  of  another  nonlinear  optical  active  polymer  in  the  place  of  passive  poly (tert- 
butyl  methacrylate)  polymer  leads  to  considerable  improvement  in  the  frequency-doubling  efficiency. 
Multilayer  LB  films  of  these  polymers  show  a  great  potential  for  achieving  a  practical  level  of 
performance. 

We  found  6-propionyl-2-dimehtylaminonaphthalene  (PRODAN)  to  be  an  interesting  optically 
second  order  nonlinear  chromophores.  The  molecular  first  hyperpolarizablility,  P,  measured  using  the 
Electric  Field-Induced  Second  Harmonic  (EFISH)  generation  technique,  was  compared  with  that  of  the 
well  known  4-nitroaniline  (PNA)  at  fundamental  wavelengths  of  1064  nm  and  1907  nm.  The  relatively 
large  p  value  of  PRODAN  was  shown  to  be  thermally  stable  up  to  a  treatment  temperature  of 200°C.  The 
experimental  measurements  were  complemented  by  semi-empirical  quantum  chemical  calculation.  Also, 
the  value  of  the  macroscopic  second  order  susceptibility,  x(2),  of  films  produced  by  doping  PRODAN  into  a 


polymeric  matrix  and  determined  using  the  angular  dependent  second  harmonic  generation  method  was 
measured.  These  measurements  were  performed  on  films  permanently  poled  under  corona  discharge  in  an 
in  situ  electrical  poling  experiment. 

In  x(2)  materials,  our  effort  focused  on  making  further  modifications  of  the  APSS  type  chromophore 
to  achieve  the  following  adjectives:  (i)  improved  optical  transparency  toward  the  blue;  (ii)  produce  higher 
thermal  stability  of  the  poled  and  cross-linked  structure  and  (iii)  broaden  multifunctional  application. 
Various  chemical  modifications  made  for  specific  applications  targeted  are  listed  below. 


♦Attach  to  mam-chain 
♦Polyurtane  (PU),  Polyester  (PES)  etc. 


♦Highly  Xdinked  system 

♦  Intefp  enetrate  Network  (EPNj 

♦  Thermally  stable  PU 


♦Standard  Material 

•  Line  ar  Po lyurethane  (PU) 

♦  X-linked  w/NCO-containing 


liq.  polymer 


•X-linked  PU  system 
•  Semi-IPN. 


•Water  soluble 
•  Confocal  Microscopy 


Their  physical  characteristics  were  studied.  Improvement  in  both  solubility  and  thermal  stability  was 
achieved.  APSAS,  because  of  having  four-OH  groups  for  cross-linking,  was  processed  using  a  meta- 
orienting  thiocyanate  group.  The  final  cross-linked  and  simultaneously  poled  structure  exhibited  better 
thermal  stability  of  poled  alignment  and  at  the  same  time  better  transparency  toward  the  blue. 

For  y(2)  materials  we  also  developed  a  new  design  strategy  to  combine  two-different  mechanisms  of 
nonlinearity.  Traditionally,  dipolar  structures  have  been  used  in  which  a  donor  group  is  separated  from  an 
acceptor  group  by  a  conjugation  unit.  Recently,  another  group  of  compounds  possessing  a  C3  symmetry 
have  received  a  considerable  attention  as  they  show  strong  y(2)  effects  derived  from  octupolar  contributions. 
We  have  developed  multibranched  structures  which,  because  of  a  pyramidal  geometry  around  the  N  atom 
(of  the  donor  group),  contain  both  dipolar  and  octupolar  contributions.  In  these  structures,  we  found  co¬ 
operative  enhancement  of  nonlinearity. 

y(3)  MATERIALS 

The  general  behavior  of  two-photon-absorption  enhanced  refractive  index  change  in  a  third-order 
nonlinear  optical  medium  was  studied.  The  nonlinear  medium  was  the  solution  of  a  new  dye,  trans- 4-[p- 
(N-hydroxy  ethyl-N-methylamino)styryl]-N-methylpyridinium  iodide  (ASPI)  in  dimethyl  sulfoxide  as  the 
solvent,  which  was  filled  into  a  20-cm-long  quartz  hollow  fiber  of  100  pm  internal  diameter.  This  dye 
solution  has  a  strong  two-photon  absorption  and  subsequent  upconversion  fluorescence  emission  when 
excited  with  1064-nm  laser  radiation.  When  the  input  peak  intensity  reached  500-1500  MW/cm2  levels, 
obvious  changes  in  beam  profiles  of  the  output  IR  laser  beam  were  observed  due  to  a  self-focusing  or  self- 
trapping  process  occurring  inside  the  fiber  system.  As  a  result  of  this  process,  highly-directional 
frequency-upconverted  superradiant  lasing  output  was  obtained  with  a  beam  size  ~5  times  smaller  than  that 
of  a  linearly  transmitted  He-Ne  probe  laser  beam.  The  demonstrated  mechanism  can  be  useful  for  fiber 
laser/amplifier  and  fiber/integrated  optics  devices. 

Optical  limiting,  pulse  reshaping,  and  stabilization  effects  were  achieved  based  on  two-photon 
absorption  mechanism  via  a  dye-solution  filled  hollow  fiber  system.  The  nonlinear  absorptive  medium  was 


the  solution  of  a  new  dye,  rra«s-4-[p-(N-hydroxy  ethyl-N-methylamino)styryl]-N-methylpyridinium  iodide 
(ASPI)  in  dimethyl  sulfoxide,  filled  into  a  20  cm-long  quartz  hollow  fiber  of  100  pm  internal  diameter. 
The  input  optical  signal  was  a  laser  pulse  train,  contained  -30  pulses  of  130-ps  pulsewidth.  When  the 
input  peak  intensity  reached  400- 1000  MW / cm2  levels,  obvious  optical  limiting  could  be  observed  and  the 
envelope  of  the  transmitted  pulse  train  became  flatter  and  broader.  By  using  another  new  dye  solution,  4- 
[N-(2-hydroxy  ethyl)-N-(methyl)amino  phenyl]-4'-(6-hydroxyhexyl  sulfonyl)stilbene  (APSS)  in  benzyl 
alcohol,  interacting  with  a  series  of  ~800  nm  laser  pulses  of —8  ns  pulsewidth,  a  much  higher  nonlinear 
absorption  coefficient  and  superior  optical  peak-power  stabilization  effect  have  been  reached. 

Strong  two-photon  absorption  (TPA)-based  nonlinear  optical  properties  of  a  new  chromophore, 
N,N-diphenyl-7-[2-(4-pyridinyl)  ethenyl]-9,9-di-n-decyl-fluoren-2-amine  (abbreviated  as  AF-50)  was 
experimentally  studied.  This  chromophore  was  synthesized  at  the  Polymer  Branch  of  the  U.S.  Air  Force 
Wright  Laboratory.  Under  excitation  with  1 0Hz,  ~8ns  and  ~800nm  laser  pulses,  the  TP  A  cross-section  and 
TPA-induced  ffequency-upconverted  emission  spectra  are  measured  for  AF-50  solutions  in  various 
solvents.  The  most  attractive  feature  of  this  chromophore  is  its  remarkably  high  value  of  the  molecular 
TPA  cross-section  (-78  x  10"20  cm2/GW  in  benzene  solution).  Based  on  this  feature,  superior  optical 
power  limiting  and  stabilization  performance  has  been  demonstrated  in  a  1  -cm  long  AF-50  solution  sample 
with  a  concentration  of  do  =  0.045  M/L.  The  nonlinear  transmission  of  the  measured  sample  decreased 
from  -0.93  to  -0.3  when  the  input  beam  intensity  increased  from  -10  MW/cm  to  -360  MW/cm  ;  the 
relative  intensity  fluctuation  of  the  output  laser  pulses  was  reduced  by  two-times  compared  to  that  of  the 
input  laser  beam. 

Two-photon  pumped  upconversion  intracavity  lasing  was  achieved  by  placing  a  1  cm-long  dye- 
solution  filled  liquid  cell  inside  a  Q-switched  Nd:YAG  pulsed  laser  cavity.  The  upconversion  gain 
medium  is  the  solution  of  a  new  dye,  tram-4-[p-(N-hydroxy  ethyl-N-methylamino)styryl]-N- 
methylpyridinium  iodide,  abbreviated  as  ASPI,  which  has  strong  two-photon  absorption  and  subsequent 
upconversion  fluorescence  emission  when  excited  with  the  1 .06  pm  laser  radiation.  The  spectral,  temporal, 
and  spatial  properties  of  the  upconverted  cavity  lasing  output  were  investigated.  The  key  parameters  for 
upconversion  lasing  are  emission  wavelength  of -623  nm,  pulse  duration  of -(2-10)  ns,  and  beam 


divergence  of  ~(2.5-4)  mrad.  The  corresponding  parameters  for  the  pump  lasing  from  the  same  cavity  are 
-1.06  pm,  ~20  ns,  and  -(5-7)  mrad,  respectively.  The  net  conversion  efficiency  from  the  absorbed  IR 
pump  laser  pulse  energy  to  the  visible  lasing  pulse  energy  was  measured  to  be  -8.5%. 

The  two-photon  absorption  (TP A),  TPA-induced  ffequency-upconversion  emission,  and  two- 
photon-pumped  (TPP)  lasing  properties  of  a  new  dye,  trans-A-  [p-(N-hydroxy  ethyl-N-methylamino)styryl]- 
N-methylpyridinium  iodide  (abbreviated  as  ASPI)  was  experimentally  investigated.  This  dye  was 
synthesized  in  our  Photonics  Research  Laboratory.  This  new  dye  has  a  moderate  TPA  cross-section  (a2 « 
3 .9  x  1  O'20  cm4/GW  in  benzyl  alcohol),  but  exhibits  a  low  lasing  threshold  and  high  lasing  efficiency  when 
pumped  with  a  1064-nm  pulsed  laser  beam.  Furthermore,  the  TPA-induced  fluorescence  yield  is  strongly 
dependent  on  the  polarity  of  the  solvent,  making  it  a  promising  dye  for  sensing  applications.  The  spectral, 
temporal,  and  spatial  structures  as  well  as  the  output/input  characteristics  of  the  TPP  cavity  lasing  and  the 
superradiant  lasing  are  systematically  measured  using  a  1  cm-path  quartz  cuvette  filled  with  the  ASPI 
solution  or  a  doped  polymer  rod.  The  net  conversion  efficiency  from  the  absorbed  1 064-nm  pump  energy 
to  the  -615-nm  upconverted  cavity  lasing  energy  was  found  to  be  as  high  as  -17%. 

The  two-photon  absorption  and  two-photon  pumped  (TPP)  frequency-upconverted  green  lasing 
properties  of  a  new  dye,  l-(iV-methyl-4-pyridinio)-2-(A^-methylpyrrol-2-yl)ethene  triflate  (abbreviated  as 
M-PPE)  was  experimentally  investigated.  This  dye  was  synthesized  in  the  laboratory  of  Professor  G. 
Pagani  at  University  of  Milan  in  Italy.  This  new  dye  exhibits  a  low  lasing  threshold  and  high  lasing 
efficiency  when  pumped  with  a  800-nm  pulsed  laser  beam.  The  spectral,  temporal,  and  spatial  structures  as 
well  as  the  output/input  characteristics  of  the  TPP  cavity  lasing  were  measured  using  a  1  cm-path  quartz 
cuvette  filled  with  the  M-PPE  solution  in  dimethyl  sulfoxide.  The  net  conversion  efficiency  from  the 
absorbed  800-nm  pump  pulse  energy  to  the  ~543-nm  upconverted  cavity  lasing  energy  was  found  to  be  as 
high  as  11%. 

Two-photon  pumped  (TPP)  frequency-upconverted  lasing  properties  of  a  partially  cross-linked 
fluorescent  polymer  containing  a  DAST  derivative  was  studied.  This  new  lasing  medium  is  a  cross-linked 
homogeneous  copolymer  with  two  major  compounds:  the  chromophore,  4-[bis(2-hydroxy  ethyl)amino]-N- 


methylstilbazolium  iodide  (DHASI),  and  the  monomer,  2-hydroxy  ethyl  methacrylate  (HEMA).  This  co¬ 
polymer  was  synthesized  in  our  Photonics  Research  Laboratory.  The  spectral,  temporal,  and  spatial 
structures  as  well  as  the  output/input  characteristics  of  the  TPP  cavity  lasing  were  measured  using  a  13 
mm-long  polymer  rod.  The  net  conversion  efficiency  from  the  absorbed  1064-nm  pump  pulse  energy  to 
the  ~606-nm  upconverted  cavity  lasing  energy  was  found  to  be  ~4%. 

Optical  phase-conjugation  property  of  two-photon  pumped  frequency  upconversion  backward 
stimulated  emission  from  a  new  dye  solution  was  demonstrated.  When  the  1064  nm  pump  intensity 
reaches  a  certain  threshold  value,  a  highly  directional  and  phase-conjugate  backward  stimulated  emission  at 
-616  nm  wavelength  can  be  observed.  After  backward  passing  through  an  aberration  plate  placed  in  the 
input  pump  beam  path,  the  introduced  aberration  influence  (1 .6-1 .8  mrad)  can  be  entirely  compensated  by 
the  backward  stimulated  emission  with  a  final  beam  divergence  of  0.23  mrad  only.  The  net  conversion 
efficiency  from  the  absorbed  IR  pump  energy  to  the  backward  visible  stimulated  emission  energy  can  reach 
10%. 


High  contrast  and  high  density  three-dimensional  optical  data  storage  was  demonstrated  using 
photobleaching  in  a  polymer  block  in  two-photon  laser  scanning  microscope  geometry.  Gray-scale  in  the 
written  images  was  achieved  by  controlling  the  intensity  of  the  writing  beam.  Both  digital  and  analog  data 
were  written  to  a  depth  of  over  100  pm  in  the  polymer  block  containing  our  two-photon  dye,  APSS,  with 
the  estimated  bit  dimensions  being  0.5  x  0.5  pm  laterally  and  3  pm  axially.  This  corresponds  to  a  storage 
density  of  the  order  of  1  x  1012  bits/cm3.  A  stack  of  bitmap  images  were  stored  in  planes  one  behind  the 
other,  separated  by  5  pm.14  This  technique  was  also  illustrated  by  producing  a  Bugs  Bunny  cartoon  video 
in  which  various  movie  frames  were  stored  on  the  size  of  a  50  pm  spot  (size  of  the  thickness  of  a  human 
hair)  in  different  layers  5  pm  apart. 

Two-photon  confocal  microscopy  was  used  to  obtain  three  dimensional  images  of  a  polymer  block 
as  well  as  of  biological  specimens.  Fracture  and  detailed  structures  in  the  bulk  at  different  layers  up  to  200 
pm  deep  were  readily  revealed.  Thus  200  pm  depth  limitation  was  due  to  the  traveling  distance  limitation 
of  the  microscopic  objective. 


For  X(3)  materials,  one  of  our  major  focuses  was  on  building  a  fundamental  understanding  of  two- 
photon  excitation  dynamics.  There  has  recently  been  a  considerable  amount  of  interest  in  two-photon 
processes  because  of  their  potential  applications  to  three-dimensional  optical  data  storage  and  imaging,  up- 
conversion  lasing,  and  optical  power  limiting.  A  major  impetus  to  these  applications  has  been  provided  by 
reports  of  molecules  with  a  large  two-photon  absorption  cross-section.  In  order  to  fully  realize  these 
applications,  a  proper  understanding  of  the  dynamics  of  two-photon  excitation  is  of  great  importance.  For 
example,  the  role  of  excited  state  absorption  following  a  two-photon  excitation  with  nanosecond  pulses 
needs  to  be  understood.  The  initial  excitation  produced  by  two-photon  absorption  may  undergo  relaxation 
in  subpicoseconds  and  follow  a  complex  pathway.  We  used  experiments  to  probe,  with  ultrafast  time- 
resolved  techniques,  the  dynamics  of  two-photon  excitation  in  two  novel  molecules  reported  to  exhibit 
large  two-photon  absorption  cross-sections  in  nanosecond  experiments. 

We  probed  the  two-photon  excitation  dynamics  of  two  new  dyes,  N,N-diphenyl-7-[2-(4- 
piridinyl)ethenyl]-9,9-di-n-decyl-fluoren-2-amine  (AF50)  and  (7-(7-benzothiazol-2-yl-9,9-diethylfluoren-2- 
yl)-9,9-diethylfluoren-2-yl)  diphenylamine  (AF250)  using  femtosecond  excitation  pulses  by  Z-scan  and 
time-resolved  pump-probe  absorption  measurements.  Irradiance  dependence  of  the  induced  absorption 
cross-section  was  found  to  be  linked  to  linear  absorption  of  the  two-photon  excited  state.  The  excited  state 
linear  absorption  cross-section  are  1.0  10'17cm2for  AF250and2.7  10'17cm2for  AF250.  Relaxation  of  the 
two-photon  excited  state  follows  a  complicated  path  with  three  distinct  relaxation  times.  The  longest  ones, 
1 .6  ns  for  the  AF50  and  1 .9  for  the  Af250,  are  associated  with  the  respective  lowest  singlet  lifetime:  2.23 
ns  and  2.15  ns. 

A  novel  approach  using  an  as-formed  solid  bulk  sample  containing  a  blend  of  photocurable  and 
thermally  curable  epoxies  together  with  a  new  highly  efficient  two-photon  excitable  fluorophore  was 
demonstrated  for  in-situ  fabrication  of  three-dimensional  optical  circuitry  with  a  precise  control  of 
dimension  and  spacial  locations.  Confocal  volume  images  of  a  1  x  2  splitter  and  a  grating  coupler  were 
achieved.  End-fire  coupling  of  He-Ne  laser  beam  into  the  1  x  2  splitter  was  also  achieved. 


We  recently  introduced  a  new  approach  where  by  means  of  energy  transfer,  one  can  couple  the  two 
mechanisms,  i.e.  two-photon  absorption  in  one  molecule  with  reverse  saturable  absorption  in  another 
molecule  to  produce  an  additional  channel  for  enhanced  power  limiting.  The  merit  of  this  approach  is  that 
the  materials  in  which  the  two  processes,  i.e.  two  photon  excitation  and  linear  absorption  of  an  incident 
photon  from  the  two-photon  excited  state  is  occurring  in  two  separate  molecules  which  offers  considerable 
flexibility  to  optimize  the  two  processes  independently.  We  experimentally  demonstrated  this  approach  at 
800  nm  by  using  a  strong  two-photon  absorbing  dye,  AF-380,  and  a  strong  reverse  saturable  absorber,  C6o- 
A  nanosecond  time-resolved  experiment  was  used  to  show  that  energy  transfer  from  AF380  to  C6o 
generates  triplet  excitation  in  C6o  which  further  absorbs  the  pump  beam  to  enhance  the  power  limiting 
function. 

In  our  work  we  used  two-photon  induced  change  in  fluorescence  of  dyes  using  a  pulsed  IR  laser 
beam  for  high-density  optical  data  storage  with  storage  capacity  exceeding  terabits  per  cubic  centimeter. 
The  read  back  was  done  by  using  either  in  two-photon  mode  using  IR  beam  or  using  a  CW  laser  like  Kr/Ar 
laser  in  single-photon  mode.  We  achieved  three-dimensional  storage  in  a  polymer  block  doped  with  a  new 
and  efficient  two-photon  up-converting  chromophore.  The  information  was  recorded  in  different  layers  at 
a  separation  of  5  pm.  Grey  scale  control  was  achieved. 

Two  photon  laser-scanning  microscopy,  introduced  by  Webb's  group,  has  already  been  shown  to  be 
a  powerful  technique  for  probing  the  three-dimensional  structure  of  a  cell  and  to  have  inherent  optical- 
sectioning  capability  without  any  significant  interference  from  autofluorescence.  Our  recent  efforts  on 
design  and  synthesis  of  two-photon  chromophores  have  produced  highly  efficient  two-photon  up- 
converters  for  microscopy.  We  recently  reported  synthesis  of  a  two-photon  fluorophore,  which  was 
coupled  to  a  chemotherapeutic  agent  and  used  in  optical  tracking  of  its  interaction  and  entrance  into  the 
target  cells  by  two-photon  laser-scanning  microscopy.  Chemotherapy  has  been  used  widely  in  the 
treatment  of  cancers.  However,  the  cellular  mechanism  of  these  agents  is  often  not  well  understood.  For 
example,  whether  certain  chemotherapeutic  drugs  attach  to  the  membrane  of  a  cancer  cell,  enter  the  cell,  or 
enter  the  nucleus  affecting  the  DNA  replication  process  is  not  well  understood.  Such  an  understanding  at 


the  cellular  and  molecular  level  will  be  a  major  advancement  in  biology  and  will  lead  to  ways  of  enhancing 
the  efficacy  of  chemotherapy. 

Chemotherapy  agent  AN-1 52  was  made  by  coupling  the  cytotoxic  agent  doxorubicin  (Dox)  to  the 
luteinizing  hormone-releasing  hormone  (LH-RH)  analog,  (D-Lys6]LH-RH.  Its  design  is  based  on  the  fact 
that  specific  high-affinity  membrane  receptors  for  LH-RH  have  been  found  to  be  expressed  in  many  sex- 
linked  tissue-derived  cancers  and  expresses  de  novo  in  many  other  cancers.  In  the  last  decade,  Nobel 
Laureate  Schally  and  coworkers  have  developed  and  tested  several  cytotoxic  LH-RH  conjugates  in  which  a 
wide  variety  of  cytotoxic  agents  were  linked  to  LH-RH  analogs.  As  one  of  the  most  widely  used  anticancer 
drugs,  Dox  has  shown  to  have  a  broad  spectrum  of  antitumor  effects.  Its  complex  cytotoxic  mechanism 
has  been  reported  to  involve  inhibition  of  enzymes  such  as  topoisomerase  II,  intercalation  into  DNA,  and 
generation  of  cytotoxic  radicals.  By  coupling  an  LH-RH  analog  with  Dox,  Schally  and  coworkers  have 
shown  that  the  product  AN-1 52  has  improved  selectivity  toward  cancer  cells  and  reduction  in  toxicity  on 
normal  cells.  Additionally,  studies  in  vivo  show  that  AN- 1 52  is  less  toxic  and  more  potent  in  inhibition  of 
tumor  growth  than  is  Dox.  These  tumors  include  prostatic,  mammary,  and  ovarian  cancers  possessing  LH- 
RH  receptors.  However,  the  cellular  mechanism  of  action  of  this  drug  is  still  not  well  understood. 
Whether  it  acts  by  simply  binding  onto  the  membrane  to  release  the  cytotoxic  radicals  or  by  internalization 
into  the  cell  or  nucleus  to  interrupt  the  DNA  replication  process  is  of  great  interest.  In  collaboration  with 
Schally  using  our  two-photon  fluorophore  conjugated  to  AN-1 52,  we  have  successfully  traced  its  cellular 
pathway  in  a  human  breast  cancer  cell  line  expressing  LH-RH  receptors.  The  entire  process  of  membrane 
association,  internalization,  and  intracellular  localization  of  the  chemotherapeutic  drug  AN- 152  was 
visualized  in  real  time  with  no  loss  of  viability  of  targeted  cells. 

The  application  of  two-photon  excited  up-converted  emission  was  also  demonstrated  by  our  group 
for  exciting  a  photosensitizer  photodynamic  therapy  drug  which  produces  singlet  oxygen  to  destroy  the 
tumor.  The  two-photon  method  offers  the  advantage  that  it  can  be  used  to  treat  a  deeper  tumor. 


PHOTOREFRACTIVE  MATERIALS 


Temperature  dependence  of  the  photorefractive  effect  in  a  polymer  composite  containing  poly(9- 
vinylcarbazole)  (PVK),  tricresyl  phosphate  (TCP),  buckminsterfiillerene  (C6o),  and  4-(N,N-diethylamino)- 
P-nitrostyrene  (DEANST)  was  studied.  The  photoconductive,  electro-optic  and  photorefractive  properties 
of  the  material  were  studied  in  the  temperature  range  of  22  to  6 1  °C.  An  apparent  increase  of  electro-optic 
modulation  with  temperature  and  its  eventual  saturation  was  observed.  The  polarization  anisotropy 
between  the  p-  and  s-polarized  readouts  of  refractive  index  gratings  is  consistent  with  what  would  be 
expected  on  the  basis  of  directly  measured  effective  electro-optic  coefficients.  By  correlating  the  electro¬ 
optic  value  with  the  diffraction  efficiency,  temperature  dependence  of  the  space-charge  field  was  obtained 
and  explained  by  temperature  dependencies  of  the  dark  conductivity  and  the  photoconductivity  of  the 
material. 

Temperature  dependence  of  the  steady-state  diffraction  was  efficiently  measured  in  DFWM 
configuration  for  the  p-polarization  of  the  reading  beam.  An  increase  in  the  diffracted  signal  with  the 
increasing  temperature  of  the  sample  is  observed  up  to  approximately  42°C,  where  a  maximum  is  reached. 
Further  temperature  increase  results  in  a  lower  efficiency  of  the  grating.  A  similar  behavior  was  also 
determined  for  the  s-polarized  readout.  Significant  enhancement  of  two-beam  coupling  phenomenon  due 
to  temperature  was  also  observed  in  the  investigated  composite.  Analysis  of  our  results  indicated  the 
following  conclusions  explaining  temperature  dependence  of  the  photorefractive  effect: 

1)  thermal  softening  of  the  host  matrix  increases  the  orientational  mobility  of  the  chromophores 
leading  to  the  enhanced  effective  electro-optic  properties  of  the  composite;  this  in  turn  allows  for  a 
deeper  grating  modulation.  Therefore,  higher  diffraction  efficiency  is  achieved, 

2)  increase  of  sample's  temperature  enhances  the  free  charge  photogeneration  as  well  as  mobility  of 
carriers;  consequently,  stronger  space-charge  field  is  formed  during  grating  recording, 


3)  temperature  activated,  exponential  increase  in  dark  conductivity  of  the  polymer  matrix  deteriorates 

the  ability  of  the  composite  to  maintain  high  internal  space-charge  field,  as  a  result,  the  diffraction 
efficiency  decreases  at  higher  temperatures  (i.r.  above  40°C). 

e  have  succeeded  in  developing  a  new  approach  of  thermal  fixing  to  enhance  the  storage  time  for 
a  holographic  grating  in  a  photorefractive  polymer.  A  significant  increase  in  storage  time  by  thermal  fixing 
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of  photorefractive  gratings  in  a  polymeric  composite  of  PVK,  TCP,  C6o,  and  4-N,Ndiethylamino-|3- 
nitrostyrene  (DEANST)  is  demonstrated.  The  fixing  of  the  volume  holograms  is  created  by  quasiffeezing 
the  orientation  of  the  linearly  anisotropic  chromophore  molecules.  The  fixed  photorefractive  gratings  can 
be  easily  erased  by  elevating  the  sample's  temperature  to  the  glass  transition  temperature  (Tg)  of  the 
composite.  The  readout  of  the  thermally  fixed  first-order  (IKq)  grating  does  not  require  the  presence  of  an 
external  electric  field. 

The  photorefractive  properties  of  the  PVK:NPP:TCP:CdS  composite  samples  were  studied  by  two- 
wave  mixing  and  degenerate  four-wave  mixing  techniques  using  an  oblique  experimental  setup. 
Holographic  gratings  were  written  through  the  intersection  of  two  coherent  beams  generated  by  an  Ar+ 
laser  operating  at  514.5  nm  with  s-polarization  in  the  FWM  experiment  and  p-polarization  int  he  TWM 
experiment.  The  two  writing  beams  (Ii)  and  I2),  intersected  in  the  sample  with  incident  angles  of  0i  =  60° 
and  02  =  3  8°  (in  air)  respectively,  creating  an  intensity  grating  with  a  grating  spacing.  A,  of  1 .85  pm.  In  the 
DF  WM  experiment  a  p-polarized  reading  beam  (Ir)  propagated  in  a  direction  opposite  of  one  of  the  writing 
beams  (Ii).  In  the  TWM  experiments,  the  asymmetric  energy  transfer  between  the  p-polarized  writing 
beams  was  observed  by  monitoring  the  intensity  of  each  of  the  writing  beams  by  two  photodetectors  when 
an  external  electric  field  was  applied.  For  steady  state  conditions,  the  data  was  collected  for  a  period  of  30 
s  and  averaged.  In  the  DFWM  experiment  the  writing  beams,  Ii  and  I2,  had  intensities  of  218  mW/cm2  and 
21 1  mW/cm2  respectively  and  the  reading  beam,  Ir,  had  an  intensity  of  5 .6  mW/cm2.  Given  this  geometry, 
the  signal  couterpropagated  to  I2  where  it  was  reflected  by  the  beam  splitter  and  detected  by  a 
photodetector.  The  electric  field  dependence  of  the  photorefractive  DFWM  steady  state  diffraction 
efficiency  was  obtained  in  a  sample  with  a  thickness  of  146  pm. 


Results  concerning  photosensitivity  were  presented  and  the  Onsager  formalism  developed  for 
organic  systems  employed  in  order  to  extract  the  parameters  fo  and  @o  from  the  photocharge  generation 
efficiency  data.  It  was  shown  that  as  a  sensitizing  agent  CdS  can  be  more  effective  than  C6o  in  terms  of  its 
overall  ability  to  produce  a  photo-induced  current.  Unlike  C6o,  the  electronic  properties  of  this  class  of 
sensitizer  can  be  tailored  to  suite  specific  applications  which  offers  additional  incentive  to  further  explore 
the  possibilities  of  these  materials.  We  have  already  achieved  over  8%  diffraction  efficiency  in  the  blue- 
green  region. 
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